Mitochondria play a vital role in embryo development. They are the principal site of energy production and have various other critical cellular functions. Despite the importance of this organelle, little is known about the extent of variation in mitochondrial DNA (mtDNA) between individual human embryos prior to implantation. This study investigated the biological and clinical relevance of the quantity of mtDNA in 379 embryos. These were examined via a combination of microarray comparative genomic hybridisation (aCGH), quantitative PCR and next generation sequencing (NGS), providing information on chromosomal status, amount of mtDNA, and presence of mutations in the mitochondrial genome. The quantity of mtDNA was significantly higher in embryos from older women (P=0.003). Additionally, mtDNA levels were elevated in aneuploid embryos, independent of age (P=0.025). Assessment of clinical outcomes after transfer of euploid embryos to the uterus revealed that blastocysts that successfully implanted tended to contain lower mtDNA quantities than those failing to implant (P=0.007). Importantly, an mtDNA quantity threshold was established, above which implantation was never observed. Subsequently, the predictive value of this threshold was confirmed in an independent blinded prospective study, indicating that abnormal mtDNA levels are present in 30% of non-implanting euploid embryos, but are not seen in embryos forming a viable pregnancy. NGS did not reveal any increase in mutation in blastocysts with elevated mtDNA levels. The results of this study suggest that increased mtDNA may be related to elevated metabolism and are associated with reduced viability, a possibility consistent with the 'quiet embryo' hypothesis. Importantly, the findings suggest a potential role for mitochondria in female reproductive aging and the genesis of aneuploidy. Of clinical significance, we propose that mtDNA content represents a novel biomarker with potential value for in vitro fertilisation (IVF) treatment, revealing chromosomally normal blastocysts incapable of producing a viable pregnancy. Data Availability Statement: All relevant data are within the paper and its Supporting Information files.
Introduction
Mitochondria are involved in the regulation of multiple essential cellular processes, such as apoptosis, amino acid synthesis, calcium homeostasis, and the generation of energy in the form of ATP via the process of oxidative phosphorylation (OXPHOS) [1] [2] [3] [4] [5] . For this reason mitochondria are considered as the principal cellular power houses. They are unique compared to other organelles in animal cells in that they contain one or more copies of their own genome. The mitochondrial DNA (mtDNA) is circular and composed of 16.6 kb of double stranded DNA. Genes encoded by this DNA molecule have direct roles in cellular metabolism, producing subunits of several complexes with key roles within the electron transport chain (ETC) [6] . Complexes encoded by the mitochondrial genome, along with other ETC components, are situated in the inner mitochondrial membrane and are vital for the production of ATP in the cell. Additionally, mtDNA encodes some of the components of the organelle's transcriptional and translational machinery including 22 tRNAs and 2 rRNAs, with the remainder being encoded by the nuclear genome [6] . It has been shown that cells are capable of redistributing their mitochondria so as to replace damaged organelles, and adjust to variation in intracellular energy requirements [7] .
The mitochondrial content of mammalian cells ranges from a few hundred to thousands, determined by the cell's volume and energy needs. The human mature oocyte is among the cell types with the highest content for both mitochondria and mtDNA [1] . Oocyte mitochondrial replication begins during fetal development with cells of the oogonia containing approximately 200 mitochondria [reviewed in 8] . Replication continues in synchrony with maturation, so that just before fertilisation an oocyte arrested at metaphase II contains approximately 100,000 mitochondria and between 50,000 and 550,000 copies of the mtDNA [1, [9] [10] [11] [12] [13] .
Mammalian embryos inherit mitochondria (and thus mtDNA) exclusively from the population found in the oocyte just prior to fertilisation. Data from quantification of mtDNA in human cleavage stage embryos suggests that amounts remain stable during the first three days of preimplantation development [1, [12] [13] [14] [15] [16] . Significant replication of mtDNA is not thought to be initiated until after the embryo has undergone the first cellular differentiation into trophectoderm (TE) and inner cell mass and has become a blastocyst [3, 8] .
Preimplantation development is a dynamic and energy demanding process. Early embryos require adequate energy levels so that they can successfully progress through each cell division. Existing data suggest that correct oocyte mitochondrial function and mtDNA gene expression are essential during these early stages of life. Specifically, an association has been shown between the ATP content of human oocytes, the developmental potential of an embryo, and the outcome of an IVF cycle [17] .
Since mitochondrial functions are critical during the first few days of life, we were interested in carrying out a thorough investigation of mtDNA in human preimplantation embryos which had successfully reached the blastocyst stage of development. Specifically, we examined the relationship between human blastocyst mtDNA content, female patient age, embryo chromosome status, viability and implantation potential. Additionally, we attempted to shed light on the stage of preimplantation development during which mtDNA replication is first up-regulated, with the potential to increase the mtDNA content of individual cells. As well as relative quantification of mtDNA, a detailed analysis of the mitochondrial genome was undertaken, searching for mutations, deletions and polymorphisms.
Results

Cytogenetic analysis of embryonic samples
A total of 39 cleavage stage embryos and 340 blastocysts, which had been cytogenetically tested, were studied during the course of this investigation. All of the cleavage stage embryos had been characterised as being chromosomally normal after microarray comparative genomic hybridisation (aCGH) analysis and transferred to the uterus. Of the blastocysts examined, 302 were analysed using aCGH, and 38 using next generation sequencing (NGS) methodology. Of these, 123 were determined to be aneuploid (99 via aCGH analysis and 24 via NGS analysis), while the remaining 217 were characterised as being chromosomally normal (203 via aCGH analysis and 14 via NGS analysis). One hundred and thirty one of the normal blastocysts and all 39 euploid cleavage stage embryos underwent uterine transfer. Embryo classification as chromosomally normal or aneuploid was based on results obtained after aCGH or NGS analysis of either a single blastomere (cleavage stage), or 5-10 TE cells (blastocysts).
The effect of female age on mtDNA quantity
The relative amount of mtDNA was assessed in relation to female age. Specifically, an initial comparison of 148 blastocysts generated by a reproductively younger group of women (average age 34.8 years, range 26-37 years) and the154blastocysts generated by a reproductively older group (average age 39.8years, range 38-42 years) was undertaken with the use of real-time PCR. Data analysis clearly showed a statistically significant increase (P = 0.003) in the amount of mtDNA in blastocysts from the reproductively older women. This phenomenon was evident when all blastocysts were considered together, but was also apparent if chromosomally normal and abnormal embryos were considered separately (P = 0.018 and P = 0.05, respectively). The relative amounts of mtDNA in chromosomally normal and abnormal blastocysts for the female age groups under investigation are summarised in Table 1 and illustrated in Fig 1a. A significant difference (P = 0.01) in the levels of mtDNA according to female age was also observed at the cleavage stage. However, unlike the blastocyst stage, blastomeres removed from embryos generated by reproductively younger women (average age 33.7 years, range 29-37 years) were seen to contain higher mtDNA amounts, compared to those removed from embryos generated by reproductively older women (average age 39.2 years, range 38-42 years). These results are illustrated in Fig 1b and Table 2 .
The relationship between embryo chromosome constitution and mtDNA quantity Chromosome abnormalities are extremely common during the earliest stages of embryo development, with rates decreasing post-implantation [18] . Real-time PCR assessment of mtDNA quantity in relation to chromosome status took place for a total of 203 normal and 99 aneuploid blastocyst stage embryos. TE samples from all these embryos were assessed with the use of aCGH. It was evident that chromosomally abnormal blastocysts tended to contain significantly larger amounts of mtDNA compared to those which were characterised as being euploid (P = 0.025) (Fig 1c) .
To verify these results using an unrelated methodology, we applied a different type of whole genome amplification (WGA) method followed by NGS to TE biopsies derived from 38 additional blastocysts. The advantage of NGS technology is its capability to simultaneously examine nuclear and mitochondrial genomes. NGS analysis demonstrated that 14 of the blastocysts were euploid, whereas chromosome abnormalities were scored for the remaining 24. This finding was confirmed via aCGH conducted using separate aliquots of each WGA product. As with the real-time PCR results, statistical analysis of NGS data showed a significant increase (P = 0.006) in the quantity of mtDNA in aneuploid blastocysts compared to those that were chromosomally normal. This provided independent confirmation of the real-time PCR findings. The NGS mtDNA data are illustrated in Fig 2 . It should be noted that although mtDNA quantity increases with advancing female age, the relationship with aneuploidy appears to be an independent factor. Within any given age group mtDNA levels were higher, on average, for blastocysts that were chromosomally abnormal ( Table 1) . mtDNA copy number and the ability of blastocysts to establish a clinical pregnancy
In order to assess whether mtDNA content had an influence on the ability of an embryo to implant and initiate a pregnancy, we retrospectively analysed data obtained from single embryo transfers (SETs) with or without implantation, or double embryo transfers (DETs) which either led to dizygotic twins or no implantation. Specifically we examined the mtDNA content of 89 blastocysts, 81 of which were transferred in SETs with the remaining 8 being transferred in DETs. Eighty-five patients were included in this part of the study and the average female age was 38.3 years. Of the blastocysts transferred to these patients, 42 established an ongoing clinical pregnancy, while the remaining 47 failed to implant.
Real-time PCR analysis clearly showed that blastocysts able to implant contained significantly lower amounts of mtDNA compared to those incapable of initiating a clinical pregnancy (P = 0.007). These results are summarised in Analysis of the real-time PCR data obtained from implanting and non-implanting blastocysts allowed the establishment of an mtDNA quantity threshold above which implantation was never seen to occur. Specifically, 42/42 (100%) blastocysts which led to a clinical pregnancy contained relative mtDNA quantities lower than 0.003. Additionally, 14/14 (100%) of embryos with mtDNA quantities higher than 0.003 were unable to implant. These represented 30% (14 of 47) of the non-implanting blastocysts, while the remaining 70% (33 of 47) contained amounts of mtDNA below the threshold (Fig 4a) . It is of note that the identified mtDNA quantity implantation threshold of 0.003 was independent of blastocyst morphology, age and the IVF clinic that produced the embryos.
To further evaluate the association between elevated mtDNA levels and implantation failure, we analysed 23 TE samples with the use of NGS. All of the embryos were euploid, and had previously been analysed via real-time PCR. The clinical outcome after transfer was known for 21 of the corresponding blastocysts. Seven of these led to pregnancies whereas the remaining 14 failed to implant. Of the 14 embryos which had not implanted, real-time PCR identified 9 containing mtDNA amounts higher than 0.003. NGS analysis confirmed the real-time PCR findings, clearly demonstrating increased quantities of mtDNA in non-implanting embryos compared to those shown to be viable. Elevated mtDNA quantities were also observed for an Blastocyst mtDNA quantity threshold in relation to clinical outcome. a) The mtDNA quantity viability threshold for euploid blastocysts, established via retrospective analysis of TE biopsies from transferred embryos with known outcomes. All blastocysts producing viable pregnancies contained mtDNA quantities below the 0.003 value (red line) whereas mtDNA quantities above this value were associated with failure to achieve an ongoing clinical pregnancy. b) Results of the prospective blinded study. The mtDNA threshold used was the same as that established in the retrospective study (4a). Validity was confirmed, since all blastocysts producing viable pregnancies contained mtDNA quantities below the cut-off (red line) and no blastocysts with mtDNA quantities above this value achieved an ongoing clinical pregnancy. c) NGS analysis of the mtDNA level in 23 euploid TE samples. The corresponding embryos were transferred during SET cycles, and clinical outcomes were known for 21 of them. As with the real-time PCR experiments, mtDNA levels were lower in the seven implanting embryos (note-the y-axis scale is different for NGS analyses and consequently cut-off values differ). 
Blinded prospective prediction of IVF outcome based upon mtDNA quantification
Following establishment of a viability threshold for mtDNA levels in blastocysts, based upon retrospective data analysis, we carried out a blinded prospective study to assess its predictive value. Quantification of mtDNA was carried out in TE biopsies from a total of 42 euploid blastocysts that had been selected for transfer to the uterus after chromosomal (aCGH) and morphological analyses. The average age of the women generating these embryos was 36.7 years (age range 26-42 years) and the couples were being treated in 6 different IVF clinics. Fifteen embryos were shown to have mtDNA levels above the 0.003 threshold and were therefore predicted to be associated with failure to establish a viable pregnancy (Fig 4b) . Review of biochemical and ultrasound data a few weeks later, confirmed that none of these embryo transfers had resulted in a viable pregnancy. Thus the negative predictive value of the mtDNA analysis was 100%. The remaining 27 embryos had mtDNA quantities below 0.003 and were therefore predicted to have some potential for producing a child. After decoding of the blinded results, it was found that 16 of these embryos had ultimately established viable clinical pregnancies. Therefore, 59% of the embryos classified by mtDNA analysis as potentially viable created an ongoing clinical pregnancy. This contrasts to the 38% (16/42) pregnancy rate achieved for this cohort of embryos, transferred without reference to the mtDNA results. These results further confirmed our previous findings that embryos with high mtDNA quantities are incapable of forming a clinical pregnancy. Moreover, it was demonstrated that mtDNA quantification can be used as an effective biomarker to assist selection among euploid embryos.
The origin of elevated levels of mtDNA in non-implanting embryos
In an attempt to shed light on whether the origin of excess mtDNA seen in non-implanting blastocysts was embryonic or was derived from the oocyte, we examined mtDNA quantities in blastomeres removed from 39 cleavage stage embryos. Mitochondrial DNA replication is not thought to occur until the blastocyst stage, so the levels of mtDNA detected at earlier developmental stages are expected to reflect those in the oocyte. All of the cleavage stage embryos considered in this part of the study had been characterised as euploid following blastomere aCGH analysis and had been transferred to the uterus. As far as the clinical outcome was concerned, 17 embryos were capable of implanting, leading to clinical pregnancies, while the remaining 22 did not implant.
It was evident that blastomeres contained much higher levels of mtDNA, compared to TE samples. This was not an unexpected finding, considering the much larger cytoplasmic volume of blastomeres in comparison to TE biopsies.
Assessment of the data obtained during this analysis showed that there was no significant difference in the quantities of mtDNA in blastomeres derived from embryos which implanted compared with those from embryos that failed to implant (P = 0.7). We therefore concluded that the increased mtDNA content seen in cells from a subset of non-viable blastocysts must originate after the cleavage stage. This conclusion is compatible with the notion that the first significant wave of mitochondrial genome replication begins after differentiation of embryonic cells into TE and inner cell mass is initiated.
Mitochondrial genome analysis
One potential reason for altered mtDNA levels could be a proliferation of mitochondria as a compensatory response to the presence of defective organelles harbouring mutations in key genes. To explore this possibility NGS was used to sequence the entire mitochondrial genome of 23 TE samples. The samples were derived from chromosomally normal blastocysts, 9 of which had elevated quantities of mtDNA (initially determined using real-time PCR) and 14 that had mtDNA levels in the normal range (Table 3 ). The mitochondrial genome was sequenced to an average depth of~150 reads, permitting mutation detection and an estimate of degree of heteroplasmy. Mutations, usually in heteroplasmic form, were seen to some extent in all samples, but were no more prevalent in blastocysts with high mtDNA levels than they were in embryos with lower quantities of mtDNA.
Discussion
Energy requirements of the developing preimplantation embryo
Early embryo development consists of a series of mitotic divisions and other cellular events requiring a supply of energy, principally in the form of ATP generated by mitochondria [19] . During the blastocyst stage, ATP production is up-regulated in order to satisfy the energetic requirements of further differentiation and development, and to support processes required for implantation [20] . Most of the information concerning the function of the mitochondrial organelle and its genome during this critical phase of development comes from experiments in animal models. To date, few studies using human embryos have been undertaken. The influence of female age on mtDNA quantity
Previous studies examining human mitochondria and mtDNA in relation to female reproductive aging have focused on the analysis of oocytes rather than embryos. Published results have not been entirely concordant, but most report that mtDNA levels either remain unchanged or decrease with advancing age [16, [21] [22] . A reduction in the number of oocyte mitochondria with age has also been reported in older mice [23] . Other research has indicated that a decline in oocyte mtDNA copy number may be associated with ovarian pathology [1, 24] . During the current study a significant (P = 0.01) decline in mtDNA quantities was observed in cells from cleavage stage embryos generated by reproductively older women, compared to those from younger patients. Considering that the main wave of mtDNA replication is thought to start after blastocyst formation [3, 8] , these observations at an early preimplantation stage are likely to be representative of the quantities of mtDNA that were present in the corresponding oocytes. Our data are therefore supportive of the notion that oocyte mtDNA levels decrease with advancing female age. Interestingly, analysis of specimens from human blastocysts, just two days after the cleavage stage, revealed a trend in the opposite direction, with mtDNA levels increasing significantly with advancing female age. This association was apparent for both euploid and aneuploid blastocysts. It is likely that the elevated quantities of mtDNA observed are indicative of an increase in the number of mitochondria, although the relationship between the two factors is complicated by the fact that a single organelle may contain more than one copy of the mitochondrial genome.
It is well established that the likelihood of an oocyte producing a viable embryo is inversely correlated with the age of the mother. This is clearly demonstrated by the significant difference in the success rate of IVF treatment for older patients using their own oocytes, compared to patients utilising gametes donated by younger women. The increase in mtDNA with age seen at the blastocyst stage during the current study raises the question of whether mitochondria might play a direct role in the decline of female fertility with age. However, an answer to this important question is beyond the scope of the research reported here.
It is conceivable that elevated mtDNA levels are a consequence of a compensatory mechanism, aimed at normalisation of ATP generation in the face of growing numbers of compromised organelles of reduced function. Indeed, data obtained from animal models suggest a decline in the integrity of 'older' mitochondria and a consequent deterioration in the efficiency of ATP production [24, 25] . Mitochondria in the oocytes of older hamsters and mice have been shown to generate higher levels of reactive oxygen species (ROS), produce less ATP, and are therefore likely to have a reduced capacity to adequately support a dynamic process such as preimplantation development [26] . If a similar situation exists in humans, an increase in mitochondrial number may be necessary in the embryos of older women, in order for sufficient ATP levels to be maintained.
A decline in ATP synthetic capability with age could be related to an accumulation of mutations in the mitochondrial genome. An increase in the mtDNA content of human preimplantation embryos in response to mutation has previously been documented [27] . The location of the mtDNA in close proximity to ROS generated by the respiratory chain, coupled with a lack of histones and inferior DNA repair mechanisms, leaves the mitochondrial genome particularly vulnerable to mutation [8, 24] . In theory, the longer the oocyte remains in the ovary prior to fertilisation, the greater the opportunity for mtDNA mutation to occur. Several studies have shown a reduction in mitochondrial gene expression in oocytes that fail to fertilise after exposure to sperm and in embryos that undergo developmental arrest. An increase in the incidence of the common mitochondrial 4977 bp deletion, associated with ageing in various tissues, has also been noted in human oocytes [24, 28, 29] . However, in the current study, sequencing of the entire mitochondrial genome using NGS failed to detect an obvious increase in mutation load in embryos with high mtDNA levels. This finding argues against the possibility that mitochondrial mutation is driving replication of the organelle in embryos from older women.
It may be that high mtDNA levels are indeed indicative of compromised mitochondria, but that the underlying defects are unrelated to alterations in the DNA sequence. Alternatively, elevated quantities of mtDNA might be associated with increased metabolic requirements of the embryo, rather than organelles of suboptimal function. It is possible that embryos produced by older oocytes are under some form of stress and therefore have larger energy requirements. Functional experiments will be required to address these questions. Whatever the underlying basis, the current study has unequivocally demonstrated that female reproductive aging is associated with changes in the mtDNA content at the blastocyst stage.
mtDNA and blastocyst chromosome status
Aneuploidy affects more than half of all human preimplantation embryos and is believed to be the most important cause of early embryonic demise [18] . The majority of chromosome abnormalities are derived from errors occurring during oogenesis (meiotic, female origin), but chromosome malsegregation is also common during the first few embryonic cell divisions following fertilisation (mitotic). Despite their frequency and clinical importance, the reasons for the high levels of meiotic and mitotic errors are still not fully understood.
As well as undergoing mtDNA quantification, all embryos analysed during this study had previously been tested for aneuploidy as part of routine PGD or PGS using a well-validated comprehensive chromosome screening method [30, 31] . A comparison of the cytogenetic (aCGH) and mitochondrial (real-time PCR) data produced demonstrated that, on average, biopsy specimens derived from aneuploid blastocysts contained significantly greater amounts of mtDNA than samples from embryos that were euploid (P = 0.025). These findings were confirmed using an alternative method (NGS) to assess an independent group of embryos. Importantly, the rise in mtDNA copy number seen in chromosomally abnormal embryos was additional to the association with female age, such that aneuploid blastocysts tended to have higher levels of mtDNA compared to chromosomally normal embryos derived from women of the same age.
It is plausible that variation in the quantity or functionality of mtDNA/mitochondria could have a direct effect on the accuracy of chromosome segregation. Mitochondrial metabolism factors, including ATP and the pyruvate dehydrogenase complex are essential for correct oocyte spindle assembly and chromosome alignment [32] [33] [34] . Furthermore, examination of oocytes from diabetic mice has demonstrated that damaged mitochondria are associated with aneuploidy. It is known that mitochondria are redistributed to spindles and microtubule organizing centres during cell division [35] , presumably to ensure that the energy requirements of spindle formation and chromosome movement are satisfied. A link between mitochondrial distribution within the oocyte and chromosome congression on the meiotic spindle has been proposed [36] . Furthermore, it has been shown that embryos with high levels of chromosomal mosaicism, a consequence of errors occurring during the mitotic divisions following fertilisation, frequently contain mitochondria with low membrane potential [37] .
It is unclear at this time whether aneuploidy in embryos with increased quantities of mtDNA is a direct consequence of deficiencies affecting the organelle, disrupting ATP production or other key functions, or whether altered mitochondrial number and aneuploidy are independent, downstream consequences of another issue, currently undefined, affecting the embryo or the oocyte. It is important to note that although the increased quantities of mtDNA associated with age and aneuploidy were only seen in blastocysts, the trigger for expansion may already exist in oocytes prior to fertilisation. Most of the aneuploidies observed in blastocysts are a consequence of errors occurring during female meiosis [30, 38] , suggesting that factors that predispose to meiotic aneuploidy in oocytes might also have an effect on mtDNA replication during later embryonic stages.
mtDNA and blastocyst implantation potential
In order to improve the efficiency of assisted reproductive treatments, superior methods for the identification of viable embryos are urgently required. The screening of embryos for cytogenetic abnormalities prior to transfer to the uterus allows the main cause of embryonic failure (i.e. aneuploidy) to be avoided. However, even the transfer of a morphologically 'perfect' embryo, which is additionally considered chromosomally normal following analysis of biopsied cells, cannot guarantee the initiation of a successful pregnancy (only about two thirds of such embryos actually produce a child). It is clear that additional elements play a role in embryo viability. Important factors might conceivably include mitochondrial number/capacity and accompanying effects on ATP content and/or metabolic activity [17] . As part of this investigation, the levels of mtDNA were retrospectively assessed in euploid cleavage and blastocyst stage embryos that had been transferred to the uterus following PGD or PGS and for which the clinical outcome was known.
The levels of mtDNA observed in biopsied cells were lower on average for blastocysts capable of establishing a clinical pregnancy compared to those that failed to implant after transfer (P = 0.007). This relationship was initially identified using quantitative PCR, but was subsequently verified using NGS. The association between mtDNA quantity and ability to produce a pregnancy was only clearly observed in embryo samples taken at the blastocyst stage of development. The increases in mtDNA content associated with loss of embryo viability were more dramatic than those related to age or aneuploidy.
Analysis of the mtDNA content data allowed the establishment of a threshold above which implantation of a chromosomally normal blastocyst was never observed. This cut-off remained valid regardless of other considerations such as embryo morphology or the clinic where the patients were receiving treatment. Approximately one-third of non-viable blastocysts had mtDNA levels above the threshold, suggesting that this factor represents an indicator of lethally compromised embryos, second only to aneuploidy in terms of prevalence and clinical importance. In order to confirm the predictive power of mtDNA measurement, an independent series of blastocysts were blindly assessed in a prospective manner. Once again, all euploid blastocysts with mtDNA levels above the threshold failed to implant (100%). Those with quantities of mtDNA in the normal range displayed a 59% implantation rate, which contrasts to 38% for the group as a whole.
The failure to detect a clear association between mtDNA levels and implantation potential for cleavage stage embryos suggests that the elevated quantities of mtDNA seen in a subset on non-viable blastocysts are a consequence of an expansion that occurs after day-3 post-fertilisation. An up-regulation in the expression of mtDNA replication factors is known to occur at the blastocyst stage, and this is generally considered to coincide with the first significant wave of mtDNA synthesis [3] . This may also be the time when excessive increases in mtDNA levels occur in some non-viable embryos.
Abnormally high levels of mtDNA at the blastocyst stage may be symptomatic of some form of stress that results in elevated energy requirements. This possibility would be consistent with the 'quiet embryo hypothesis', proposed by Leese, which suggests that viable embryos have relatively lower or 'quiet' metabolism, whereas those under stress, and of reduced developmental potential, tend to be more metabolically active [39] .
It is of note that blastocysts with high mtDNA quantities, incapable of producing a viable pregnancy, were mostly generated by women aged 38 years or older. This observation is not surprising considering that an increase in mtDNA in relation to advancing female age had been observed. The association between female age and diminished embryo viability is well established and known to be primarily due to aneuploidy [40] . However, our findings suggest mitochondria represent an important additional factor.
Conclusions
This study identified for the first time a clear association between mtDNA quantity and the ability of a human embryo to implant in the uterus. The discovery of a new biomarker of embryo viability, independent of standard assessments such as morphology, is a rare event and of great clinical potential. In the current study an mtDNA threshold was established, above which implantation failure was 100%. The data obtained suggests that embryo deficiencies associated with elevated mtDNA explain up to one-third of implantation failures affecting blastocysts diagnosed euploid. The defined mtDNA threshold does not appear to be altered by variation in the processes used by different fertility clinics, indicating that evaluation of mtDNA in embryos could form the basis of a simple, inexpensive and widely applicable clinical test.
Relationships between mtDNA content, female age and embryo chromosomal status were also demonstrated. The possibility that mtDNA content has a direct influence on embryo viability and the potential for a causal relationship with aneuploidy, and other factors related to reproductive senescence warrant further investigation.
Materials and Methods
Ethics statement
Ethical approval was obtained from Western IRB (20060680 and 20131473) and the NHS Health Research Authority (NRES Committee South Central). Two types of embryonic samples were assessed: blastomeres derived from cleavage stage embryos (3 days post-fertilisation of the oocyte) and TE cells from blastocysts (5-6 days post-fertilisation). All of the embryos included in this study underwent biopsy at the request of the couples who generated them, in order to analyse their chromosomes in the context of either preimplantation genetic screening (PGS) or preimplantation genetic diagnosis (PGD). The standard process used in our laboratory for this purpose involves whole genome amplification (WGA) followed by aCGH. The research described in this paper involved analysis of surplus amplified DNA only, leftover after PGD or PGS had been completed. The embryos were not subjected to any additional interventions and the clinical treatment of the patients was not altered as a result of this study. Informed patient consent for analysis of discarded amplified DNA was obtained under an approved protocol (see above).
Patients and samples
Surplus WGA samples were derived from TE biopsies (typically consisting of 5-10 cells) from a total of 340 blastocysts. The blastocysts were produced by 161 couples of an average female age of 38 years (range 26-42 years). The excess WGA products from single blastomeres were obtained from a total of 39 cleavage stage embryos. These embryos were generated by 32 couples. The average female age of this patient group was 37.4 years (age range 29-42 years). IVF clinics located in the USA and the UK participated in this investigation.
Embryo sampling and cytogenetic analysis preparation
Embryo micromanipulation, biopsy, and preparation of biopsied material for chromosome analysis were as described previously [18, 30] . All samples were analyzed with the use of a single, highly validated platform for microarray comparative genomic hybridisation (aCGH) [30, 31, [41] [42] [43] [44] .
Microarray CGH
Chromosome analysis was carried out using 24Sure Cytochip V3 microarrays (Illumina Ltd., Cambridge, UK). The protocol used was as described in Fragouli et al., [18] . In brief, the procedure involved cell lysis and WGA (SurePlex, Rubicon Genomics, Ann Arbor, USA). This was followed by fluorescent labelling of amplified DNA samples, and two 'reference' DNAs (46,XY an 46,XX), and hybridization to the microarray. The microarrays were washed, scanned (InnoScan 710, Innopsys, Carbonne, France), and the resulting images analyzed using BlueFuse software (Illumina, Cambridge, UK). Using this approach, it was possible to determine the chromosome constitution of the blastomere or TE samples, allowing classification of the corresponding embryos as normal or aneuploid.
Relative quantification of mtDNA copy number mtDNA copy number quantification took place initially via fluorescent real-time PCR assessment of embryonic samples. These had previously undergone WGA (SurePlex, Rubicon, USA), as part of the cytogenetic analysis described above. A custom-designed TaqMan Assay (AATTTAACTGTTAGTCCAAAGAG, Life Technologies, UK) was used to target and amplify a specific mtDNA fragment (the mitochondrial 16s ribosomal RNA sequence [45] . Normalisation of input DNA took place with the use of an additional TaqMan Assay targeting the multicopy Alu sequence (YB8-ALU-S68) (AGCTACTCGGGAGGCTGAAGGCAGGA, Life Technologies, UK). The purpose of normalisation relative to a nuclear DNA sequence was to ensure that any variation in mtDNA levels related to technical issues (e.g. differences in the efficiency of WGA or the number of cells within the biopsy specimen) could be adjusted for. A multicopy sequence (i.e. Alu) was chosen for this purpose since, at the single cell level, single copy sequences may give spurious results due to factors such as allele drop-out (ADO). Each real-time PCR experiment included analysis of a reference DNA against which all samples were compared. The reference DNA was derived from a karyotypically normal male (46,XY) blastomere or TE sample, amplified via the SurePlex method (Rubicon, USA), and remained constant throughout the course of this study. A negative control (nuclease free H 2 O and PCR master-mix) was also included for both sets of amplifications. Triplicate amplification reactions were set up for both the mtDNA and Alu sequences. Each reaction contained 1 μl of whole genome amplified (SurePlex) embryonic DNA, 8 μl of nuclease-free H 2 O, 10 μl of TaqMan Universal Master-mix II (2X)/ no UNG (Life Technologies, UK) and 1 μl of the 20× TaqMan mtDNA or Alu assay (Life Technologies, UK), for a total volume of 20 μl. The thermal cycler used was a StepOne Real-Time PCR System (Life Technologies, UK), and the following conditions were employed: incubation at 50°C for 2 min, incubation at 95°C for 10 min and then 30 cycles of 95°C for 15 s and 60°C for 1min.
Mitochondrial genome analysis via next generation sequencing
A group of 23 WGA products from euploid TE samples with varying levels of mtDNA (previously established via real-time PCR) underwent massively parallel DNA sequencing using a MiSeq and a HiSeq (Illumina, USA). The protocol was as suggested by the manufacturer (Illumina, USA). Library preparation involved the initial purification of SurePlex amplified products with the use of the Zymo DNA Clean & Concentrator (Zymo Research Corporation, Irvine, CA, USA), followed by quantification of DNA concentrations via the Qubit dsDNA HS Assay Kit (Life Technologies, USA). One nanogram of DNA was subsequently converted into dual-indexed sequencing libraries using the Nextera XT DNA Sample Preparation and Index Kits according to the manufacturer's protocol (Illumina, USA).
The libraries were sequenced 2x150 cycles with dual indexing on an Illumina MiSeq using the MiSeq Reagent Kit v3 or 2x100 cycles with dual indexing on an Illumina HiSeq 2000 using the TruSeq PE Cluster Kit v3-cBot-HS and TruSeq SBS kit v3-HS for flow cell clustering and sequencing respectively (Illumina, USA).
Reads were aligned to the human genome hg19 using bwa [46] or iSAAC [47] for MiSeq and HiSeq sequencing runs respectively. After alignment, unmapped reads, duplicate reads, reads with low mapping scores and reads with greater than one mismatch with the reference genome were removed using BEDtools [48] and SAMtools [49] . The reference genome was divided into non-overlapping bins such that each bin contains 100 uniquely mapping 36mers across the genome [50] and the number of reads that mapped to each bin was counted. The bin read count was normalized based on GC content and an in-silico reference data set in order to remove bias. The copy number per bin was calculated according to the formula: Copy Number ¼ Bin Read Count Median Bin Read Count X 2, where the median autosomal read count is expected to correspond to copy number two. A 13-bin sliding median was used to smooth bin-wise copy number values for each chromosome. Copy-number status for each chromosome was derived from the median of smoothed copy-number values across the chromosome.
After alignment, genomeCoverageBed files were generated using BEDTools and the fraction of total sequenced bases that aligned to the mitochondrial genome relative to the nuclear genome was calculated. Using SAMtools, the mitochondrial reads were extracted from the BAM files and analyzed with the online tool MitoBamAnnotator [51] .
mtDNA quantification via NGS
An additional 38 TE samples underwent NGS analysis in order for chromosome constitution assessment and mtDNA quantification to take place. A different type of NGS technology was used for the analysis of these 38 TE samples, involving the application of the PGM (Life Technologies, UK). For this purpose a different initial WGA approach involving the use of multiple displacement amplification (MDA) was employed. Briefly, all 38 TE samples were lysed by adding 2.5μl of alkaline lysis buffer (0.75 μl PCR-grade water [Promega, USA]; 1.25 μl DTT [0.1M] [Sigma, UK]; 0.5 μl NaOH [1.0M][Sigma, UK]), and then incubating them for 10 min at 65°C in a thermal-cycler. MDA whole genome amplification took place with the use of the Repli-g Midi Reaction kit (Qiagen, UK) as was suggested by the manufacturer. All samples were incubated in a thermal-cycler at 30°C for 120 minutes and 65°C for a further 5 minutes. The NGS procedure used is described in detail in Wells et al. [31] .
Statistical analysis
The relative amount of mtDNA in relation to the Alu sequence for both reference and test samples was determined by the equation 2-Delta Delta Ct . The Delta Ct for reference and test samples was the end result of a data normalisation process. This involved the calculation of the Delta Ct for reference and test loci (Ct-mtDNA minus Ct-Alu), and the adjustment of the test samples values in relation to the reference DNA sample (Delta Ct plus Normalisation factor) [52] . Statistical analysis of the final mtDNA values utilised unpaired two-tailed t-tests. Parameters which were compared during this study included female age (younger vs. older), embryo chromosome status (normal vs. aneuploid), and embryo viability/implantation potential (ongoing pregnancy vs. failure to implant). Relative quantification of mtDNA using NGS involved determination of the number of DNA sequence reads attributable to the mitochondrial genome as a fraction of the total number of reads. The great majority of DNA fragments sequenced are derived from the nuclear genome and provide a control for the number of cells in the biopsy specimen.
